Several aspects of the precipitation climatology from the North American Regional Reanalysis (NARR) are analyzed and compared with two other reanalyses and one set of gridded observations over a domain encompassing the United States. The spatial distribution, diurnal cycle, and annual cycle of precipitation are explored to establish the reliability of the reanalyses and to judge their usefulness. While the NARR provides a much improved representation of precipitation over that of the other reanalyses examined, some inaccuracies are found and have been highlighted as a warning to potential users of the data.
I. Introduction
Many studies utilize the combination of observations and model assimilation and integration known as 'reanalysis' data as a benchmark for model comparison, while others employ it to create initial conditions for case studies or for regional climatology or hydrometeorological analysis (e.g. Hane et al. 2001 , Betts 2004 , Ruiz-Barradas and Nigam 2005 . Reanalyses basically provide another data set for use in further understanding our environment. They are, however, only an estimate of the real state of the atmosphere. Using reanalysis data may inadvertently add inaccuracies to a study if the data are not used with caution, as they do not always match what is observed, particularly for precipitation (Higgins et al. 1996b , Betts et al. 1998 , Kållberg et al. 2004 , West et al. 2006 . In this respect, precipitation reanalyses are in a different category relative to other available reanalysis variables. Identifying inaccuracies that reanalyses may contain is the first step towards correcting them. This study, therefore, aims to identify some strong and weak points in the precipitation field from the newly available North American Regional Reanalysis (NARR, Mesinger et al. 2006 ) and several other available reanalyses.
In general, qualitative similarities and differences between the different reanalyses are identified in terms of precipitation in the North American region. This study concentrates on the NARR precipitation climatology over a domain encompassing the United States with an emphasis on warm season precipitation during the 1990s. The spatial distribution, intensity, diurnal cycle, and annual cycle of precipitation are explored in order to establish the reliability of the reanalyses. The goal is to identify the usefulness of the NARR versus the other precipitation datasets and to provide a warning to potential users about some of the inaccuracies the reanalyses may contain.
II. Reanalyses and Methods
Precipitation from three reanalyses and one objectively analyzed dataset are used in this study; their descriptions follow. The objectively analyzed dataset will be used to approximate the "truth". Unless otherwise noted, all results use the original horizontal resolution of the data.
Interpolating reanalyses to matching grids does not change the qualitative results presented in the next section.
The National Center for Environmental Prediction (NCEP)/Department of Energy (DOE)
Atmospheric Model Intercomparisson Project (AMIP-II) global reanalysis (NCEP-DOE (also known as R-2), Kanamitsu et al. 2002) , the European Center for Medium-Range Weather Forecasts' global reanalysis (ERA-40, Kållberg et al. 2004) , and NCEP's NARR ( Mesinger et al. 2006) were chosen because of their widespread use and potential for application in verification and diagnostic studies. The Climate Prediction Center's hourly US objectively analyzed, gridded, observationally based precipitation dataset (hereafter referred to as CPC, Higgins et al. 1996a ) was chosen for its time resolution, successful application in other studies (e.g. Trenberth 1998 , Dai 1999 , and full US coverage.
These reanalyses were originally gathered and compared for use in climate model verification, but interesting results were found during the comparison which motivated this note.
As data from the models at a high temporal resolution are only available from 1991-2000, that decade was used in the verification and will also be used for this study. Where precipitation rate data is referred to as being hourly, three-hourly, or six-hourly, it has been averaged over that span of time, starting at a given hour (e.g. a value at 0300 UTC from three-hourly data would be the average precipitation rate from 0300 -0600 UTC).
a. NCEP-DOE
The NCEP-DOE is an updated version of the NCEP/NCAR (National Center for Atmospheric Research) global reanalysis (NCEP-GR, Kalnay et al. 1996) . The assimilation system that produces the NCEP-DOE is an improved version of the system that created the NCEP-GR. It utilizes a version of the NCEP global spectral model. The horizontal resolution is approximately 209-km (T62) and there are 28 vertical levels. Parameterizations of convective and large-scale precipitation, shallow convection, gravity wave drag, radiation, and boundary layer processes are included. The convective parameterization, is a version of the modified Arakawa and Schubert (1974, hereafter AS) scheme that was developed by Pan and Wu (1994) .
Observed precipitation is not assimilated in the NCEP-DOE; thus, all precipitation fields are based on physical parameterization and are calculated during the assimilation process. Data from the NCEP-DOE are available from 1979 to 2005, and this study uses the 6-hour daily precipitation fields (averaged to 6-hour monthly) from 1991-2000.
b. ERA-40
The ERA-40 system is based on the 1.125°x1.125° (T159, approximately 125 km), 60
level IFS CY23r4 atmospheric model (http://www.ecmwf.int/research/ifsdocs/CY23r4/index.html). As with the NCEP-DOE, the ERA40 does not assimilate any precipitation observations. Convective precipitation is produced by the bulk mass flux scheme described in Tiedtke (1989) . Once again, 6-hour monthly average precipitation fields from the ERA-40 are used from 1991-2000.
c. NARR
The final reanalysis used in this study is the relatively new, higher resolution NARR from (BMJ, Betts 1986 , Janjić 1994 which is a convective adjustment type scheme. Unlike the NCEP-DOE and ERA-40, however, the NARR system does assimilate precipitation observations as latent heating profiles, as described in Lin et al. (1999) . The precipitation fields, therefore, are not purely determined by the assimilated largescale variables and the model's physical parameterizations. Precipitation data for assimilation comes from the following sources: for Mexico and Canada, a 1° rain gauge analysis is used; over the continental United States (CONUS), a 1/8° rain gauge analysis is included; the CPC merged analysis of precipitation (CMAP) global 2.5° analysis is used over oceans south of 27.5°N and land south of Mexico; no data are assimilated for oceans north of 43.5°N (Mesinger et al. 2006) .
d. CPC
An objective analysis of precipitation from US station reports from the NWS/Techniques Development Laboratory as described in Higgins et al. (1996a) is used to judge the validity of precipitation in the three previously described reanalyses. This analysis is available hourly from 1948 to 2002 on a 2° latitude by 2.5° longitude grid that extends from 140°W to 60°W and 20°N to 60°N. Some uncertainty is involved in the use of this analysis because it is based on station data and, therefore, influenced by changes in the density, configuration, and temporal continuity of the observation sites, among other factors. As precipitation amounts are objectively analyzed onto grid points using a modified Cressman scheme (Cressman 1959) even if no rain gauge observations exist (for instance, over the oceans), comparisons using this information will only be done over land. To match the reanalyses, the CPC dataset is averaged to a 6-hour monthly time resolution.
Before comparison, it should be noted that the NARR and the CPC analysis are not independent datasets. They both include some of the same precipitation observations as input.
Specifically, the HPD * dataset was incorporated into the CPC analysis and assimilated into the NARR over the CONUS. Although the NARR and the CPC analysis are, therefore, expected to be similar, the ingestion of precipitation data into the NARR did not guarantee that the reanalysis would match the observations after assimilation (Mesinger et al. 2006) . Any divergence of the CPC from observations would be due to the objective analysis of the data., The CPC analysis is therefore used as a close and conveniently gridded approximation of the "truth".
* Hourly Precipitation Data from U.S. observing stations (Hammer and Steurer 1997) III. Results
a. Reanalysis Precipitation
As illustrated in the left half of Fig. 1 , there is a general agreement in the distribution of precipitation rate over the continental United States on an annual average basis between the NARR, ERA-40, NCEP-DOE, and the CPC dataset. Discrepancies between each of these, however, come out in the details, which are important when the data are used for weather, hydrological, and climate research. All of the datasets capture the average annual maximums in the southeast and northwest US. The NCEP-DOE, however, produces a slight excess of precipitation over the southeast, although this excess is improved compared to that in the NCEP-GR (not shown, see Kalnay et al. 1996, Trenberth and Guillemot 1998) . This surplus of precipitation primarily occurs during the June-August (JJA) season, but is strong enough to show up in the annual average. The NARR agrees well with the CPC dataset over the CONUS, the slight differences are mostly due to the immense differences in resolution.
The right-hand side of Fig This is also the case in the ERA-40, but not to the same extent. Fall, winter, and spring average rates over the eastern half of the US are much more reasonable in all of the reanalyses, as are the distributions of precipitation during these seasons (not shown).
There are disagreements in the average US diurnal cycle over the eastern half of the country between all reanalyses. Regardless, all reanalyses, agree that the maximum in warm season precipitation occurs around 1800 UTC † , consistent with the timing of the climatological plethora of precipitation in the Southeast. There are also issues with the diurnal cycle of precipitation throughout the cool season, but the diurnal cycle is not as amplified at this time of year, so this is not as obvious. The NARR, for all other seasons, places a strong peak in the diurnal cycle around 0600 UTC; the root of this problem will be discussed in the next section.
Over the western half of the US, the NARR and ERA-40 correctly place maximums in the annual cycle in the winter and an early evening peak in the summer, while the NCEP-DOE places the maximum in the spring (note that the winter maximum would be stronger if the coastal data were not removed by the ocean mask, not shown). The magnitude of the average wintertime precipitation is also well handled. The diurnal cycle of precipitation in the winter is problematic, but, again, it is not as amplified as the warm season diurnal cycle and, therefore, is not as obvious. Discrepancies here are largely due to differences in the timing of precipitation over Washington and Oregon. The enhanced summertime diurnal cycle in the west is well captured by the NARR and ERA-40, which both correctly place the peak time of precipitation † Note that precipitation rate values are 6-hour average values; therefore, times are approximate, cover a 6-hour period, and only give a general sense of the diurnal cycle.
around 0000 UTC and minimum around 1200 UTC. The NCEP-DOE, for all seasons places the peak of the diurnal cycle around 1800 UTC.
More details on the spatial distribution of the annual cycle of precipitation rate over the US are given in Fig. 2 . As with the annual average precipitation rate, this figure shows that the reanalyses and the CPC dataset are in general agreement in terms of the distribution and timing of the maximum monthly average precipitation rate. The eastern half of the US is dominated by warm season precipitation, while cool season months receive the most precipitation along the west coast. However, some disagreements are evident; especially near the transition zones between two dominant seasons of precipitation (this is especially true in the western half of the US).
A closer look will now be taken at the JJA convective season. Fig. 3 shows the maximum average 6-hour seasonal precipitation and its time of occurrence for JJA. For ease of interpretation, the time of the maximum precipitation in this figure is presented in LST instead of UTC. Also, note that the distribution of the maximum 6-hourly precipitation in this figure is similar to the distribution of the average JJA precipitation (not shown). As in the annual distribution, it is obvious here that the NCEP-DOE produces a surfeit of precipitation in the Southeast. The ERA-40 and NARR, however, well represent the maximum and timing of the maximum precipitation over the Southeast that is associated with the afternoon peak in surface heating and atmospheric instability, as measured against the CPC dataset.
The other important region of precipitation during JJA occurs over the Great Plains.
Precipitation that produces the nocturnal maximum over this region in JJA is primarily produced by mesoscale convective systems (MCSs) that organize from convection initiated on the east slope of the Continental Divide typically in the late afternoon. These systems usually propagate into the Midwest during the late evening and early morning (Carbone et al. 2002) . Fig. 3 illustrates that the NARR captures this process, while the ERA-40 and NCEP-DOE generally do between the NARR and CPC than for the amplitude. This is likely because the transition from ‡ To capture some detail in the NCEP-DOE southeastern US precipitation, a gray scale was used in fig. 3 that does not emphasize this important secondary maximum.
afternoon to evening precipitation occurs further west in the NARR than in the CPC. Otherwise, the correlation values reinforce the qualitative statements made above.
b. A Closer Look at NARR Precipitation
As shown above, NARR precipitation is superior to the other reanalyses examined over a domain encompassing the US, as it was designed to be. The previous results are consistent with the statement made by Mesinger et al. (2006, p. 344 ) that "the assimilation of precipitation during the reanalysis was found to be very successful, obtaining model precipitation quite similar to the analyzed precipitation input." To further illustrate the usefulness of the NARR, an example of an extreme event will be given to show that the NARR captures such events, even over western topography. But first, some quirks possibly caused by the model ingestion of the precipitation observations and other issues in the precipitation reanalysis are presented as a warning to potential users of this reanalysis. Since precipitation over the contiguous US in all seasons at all times appears to be very good § overall, but other users may draw on the data outside of the contiguous US, the information presented below is seen as completely relevant.
To start, the different precipitation observations used in creating the NARR are revealed through minimums in precipitation along the US-Canada and US-Mexico borders (see Fig. 3a , but note that these are observed more readily with finer contour intervals). More details on this discontinuity can be found in Mo et al. (2005) . Other interesting features are also apparent. For instance, as shown in the rightmost panel in Fig. 1a , when averaged over a domain encompassing the eastern half of the US, the peak in the diurnal cycle does not match observations in all § One exception, however, was made by West (2006) in the occasional occurrence of spurious grid-scale convection. This is not obvious in any of the climatological fields presented here though.
months. With the precipitation in a 6-hour monthly averaged form, the peak occurs at 0600
UTC, but in its original 3-hourly form, this shows up as an even stronger peak at 0900 UTC in all seasons, and is caused by exceptionally heavy precipitation at 0900 UTC in Ontario and
Quebec. This is due to large precipitation systems that show up at 0900 UTC and unrealistically disappear by 1200 UTC. An example of a day where one of these systems occurs is shown in fig. 4 . Observations for the nearest stations that archived observations on that day are shown in Table 1 . As the locations of the stations and the observations indicate, the system that occurred around 0900 UTC on this day may or may not have existed; however, it is much like others that often occur at 0900 UTC and its evolution does not seem realistic. This problem is greatest in the fall, but it is also quite obvious in summer and spring. Systems like these show up often enough and are intense enough to also impact the frequency distribution of precipitation in individual seasons and over the whole year when a domain is used that includes part of southeast Canada (not shown). Mesinger et al. (2006, p. 357) do note that the precipitation field over
Canada is "not as good as we had hoped for" due to a small number of rain gauge observations, but this is likely not a complete explanation for these events. Finding the exact cause, however, is beyond the scope of this study. Mesinger et al. (2006) also warn that the NARR is meant to be chiefly used over land and not to be fully trusted over the oceans (especially the northern oceans) due to the lack of observations; however, one ocean oddity was noticed that is worth pointing out. Fig. 5 shows the time and magnitude of the maximum frequency of 3-hour precipitation greater than 1 mm/day (which is also representative of the spatial distribution of the average frequency of precipitation) for JJA. It shows peculiar bull's-eyes of greater frequency in the waters surrounding the southeast US coast that seem to be gridded at approximately a 2.5° interval, the same spacing as the ingested precipitation observations. It is likely, therefore, that some part of the assimilation of the CMAP data is responsible for the bull's-eyes of precipitation that show up sporadically over these waters (e.g. see Fig. 6 ). These abnormally round areas of precipitation do fit to and are likely responsible for the apparently 2.5° gridded bull's-eyes on the frequency plot.
As another way to assess its utility, an example of an extreme event was chosen to see if the NARR could capture such an event. Other useful examples showing months with extreme precipitation can be found in Mesinger et al. (2006) . Since it is also valuable to see how well individual precipitation episodes are portrayed, a day when flash flooding occurred in Las Vegas, Nevada was chosen for illustration. This event took place on July 8, 1999 and is described fully by Li et al. (2003) . For brevity, only one period around the time of the flash flooding is considered, but as shown in Fig. 7 , the 3-hour average precipitation rate from the NARR captures this event reasonably well. It portrays the intense precipitation (which is not necessarily expected from other reanalyses that do not assimilate precipitation), and the spatial pattern of the precipitation is close to what is seen in the radar imagery. As it is compared against instantaneous composite radar in this figure, an exact match is not expected (for the full evolution of the event, see Li et al. 2003) . The hourly precipitation from the CPC also captures this event, but with little detail at its coarse resolution (a contour plot shows a large diamond shaped bull's-eye over most of southern Nevada, not shown). Six-hourly precipitation from the NCEP-DOE, on the other hand, does not clearly portray this event. The precipitation it produces in southern Nevada is too light by nearly an order of magnitude and is exceptionally underdone in terms of spatial coverage as well (not shown). Finally, it is also useful to mention that a few Midwestern MCS events were examined in addition to this one and the NARR precipitation was found to compare well spatially and temporally with the actual events (not shown).
IV. Concluding Remarks
The main purpose of this note was to document several aspects of the precipitation climatology available from reanalysis datasets over the continental US. The examination of the reanalyses in Section IIIa demonstrates the superiority of the NARR in the representation of precipitation over the CONUS compared with two other widely used reanalyses. As precipitation is assimilated during the reanalysis process in the NARR, whereas it is completely parameterized in the ERA-40 and NCEP-GR, this result was anticipated. Summertime precipitation is most improved as the Plains nocturnal maximum is difficult to reproduce in models using convective parameterizations only, since parameterizations typically do not allow convection to undergo the upscale growth necessary for organization into an MCS (the primary cause of this maximum). Even if organized MCSs could be parameterized, propagation then provides another challenge (Davis et al. 2003 , Bukovsky et al. 2006 . For this reason, the NARR likely captures this maximum because it assimilates precipitation and not because it uses any particular parameterization.
It was also shown in Section IIIb that while the NARR replicates continental US precipitation well, care should be taken when using the precipitation analysis over the rest of the North American domain as interesting, but not necessarily valid features in other areas are found as a strong signal in some climatological fields. This note serves not only as a warning to users of the data, but also as general guidance on which aspects of the precipitation reanalyses are most useful. Overall, as the precipitation information required becomes more detailed, the NARR becomes more useful compared to the other reanalyses, with, of course, the previously mentioned exceptions. Ocean data was removed using the same 1-km resolution land/sea mask on each dataset. Note: every second horizontal grid point from the NARR dataset was used here, decreasing its resolution to 64-km, to prevent the NARR data arrays from becoming too large. 
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